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4.1 Présentation
Cet article a été publié dans le journal : Computerised medical imaging and graphics (CMIG).
Le but de cet article est de recaler les vertèbres extraites à partir d’images RM avec des vertèbres
extraites à partir d’images RX pour des patients scoliotiques, en tenant compte des déformations
non-rigides due au changement de posture entre ces deux modalités. À ces fins, une méthode de
recalage à l’aide d’un modèle articulé est proposée. Cette méthode a été comparée avec un recalage
rigide en calculant l’erreur sur des points de repère, ainsi qu’en calculant la différence entre l’angle
de Cobb avant et après recalage. Une validation additionelle de la méthode de recalage présentée
ici se trouve dans l’annexe A. Ce travail servira de première étape dans la fusion des images RM,
RX et TP du tronc complet. Donc, cet article vérifie l’hypothèse 1 décrite dans la section 3.2.1.
4.2 Abstract
This paper presents a magnetic resonance image (MRI)/X-ray spine registration method that
compensates for the change in the curvature of the spine between standing and prone positions
for scoliotic patients. MRIs in prone position and X-rays in standing position are acquired for 14
patients with scoliosis. The 3D reconstructions of the spine are then aligned using an articulated
model which calculates intervertebral transformations. Results show significant decrease in regis-
tration error when the proposed articulated model is compared with rigid registration. The method
can be used as a basis for full body MRI/X-ray registration incorporating soft tissues for surgical
simulation.
4.3 Introduction
Idiopathic scoliosis is a disease of unknown cause characterized by a complex three-dimensional
curvature of the spine with onset most often discovered during puberty [2]. Scoliosis affects 5.1% of
adolescent girls and 3.5% of adolescent boys, with the more severe cases requiring treatment being
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girls [3]. Curvature measures are usually obtained from standing X-rays on which the skeletal struc-
tures are visible. The spinal deviation in turn affects the external appearance of a scoliotic patient,
which is usually characterized by a lateral trunk asymmetry and or a rib hump. Such external de-
formations are often aesthetically undesirable for patients and can cause psychological problems.
In more severe cases, the spinal curvature can affect the physical functioning of the patient with
symptoms such as chronic back problems or pulmonary problems [4]. For less severe cases, a brace
can be worn in order to limit the progression of the spinal deformation. When the spinal curvature
is very pronounced surgery is necessary in order to correct some of the undesirable deformation.
However, the effects of treatment on the external shape of the trunk cannot be predicted prior to
treatment completion. A simulator was recently developed using physical models in order to simu-
late the effects of treatment on the external shape of the trunk [7]. Promising results were obtained,
though tissue characteristics were empirically modeled due to lack of patient-specific information.
A complete model of the patient trunk, which would incorporate both spine and soft tissue infor-
mation, would allow for a more precise propagation of the surgical correction from the spine to the
external shape of the trunk. This can lead to a better prediction of the surgical outcome. Such a
model would require fusion of soft tissue information, typically obtained from MRIs in prone posi-
tion, and spine information, typically obtained from X-rays in standing position. Spine information
is extracted from X-rays for several reasons : Although vertebral bodies can be extracted from MRI
data, low image resolution does not allow for proper localization of pedicles. In addition, soft tis-
sues from MRI data will only be acquired for a generic model, as they are not part of the clinical
protocol for pre-surgical scoliosis patients due to prolonged acquisition times. X-rays on the other
hand are routinely acquired. Finally, a patient-specific model of the spine is required in standing
position as this would reflect the true extent of the curvature of the spine. A representation of the
spine in standing position is only available from X-ray images. Thus, this paper registers MRI and
X-ray spine images of scoliotic patients in order to compensate for the postural differences, as a
first step towards full body registration.
4.3.1 Related Work
Previous works on on MRI/X-ray registration were applied to interventional imaging [84, 85,
86], angiographic imaging [87, 88, 89, 90, 91, 92, 93], cerebral[93, 94, 86, 95], cardiac and cardio-
vascular imaging[96, 97, 98, 99, 100, 101], and several other fields [102, 103, 104, 105, 106, 107].
A detailed review of MRI/X-ray and other 2D/3D registration techniques can be found in [108].
Methodologies used in such applications cannot be directly applied to registration of the spine due
to the difference in stiffness characteristics between the vertebrae and the anatomical structures
studied in the above mentioned works.
Considerably less work has been done on MRI/X-ray registration of the spine in particular. Van
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de Kraats et al. [34] registered MRI to X-ray data using fiducials manually placed on cadaveric data.
The placement of fiducials is not realistic in real patient data. Tomazevic et al. [109] rigidly regis-
tered 2D X-ray images to CT and MRI data of lumbar vertebrae obtained from a cadaver. They
used a novel criterion function in order to evaluate a match between normals to the surface and
corresponding back-projected intensity gradients of X-ray images. Fiducials considered as a gold
standard were used for validation purposes. The method assumed that surfaces of bony structures
were extracted preoperatively from CT or MR images. In later work [35], they used a novel simila-
rity measure based on mutual information in order to rigidly register a series of 2D X-ray images to
CT and MRI data. Although as little as 1 X-ray image was used for X-ray/CT registration, 9 X-ray
images were required per patient for X-ray/MRI registration, which is not possible to acquire in
normal clinical settings due to radiation issues. Van de Kraats et al. [110] used multispectral MRI
in order to generate CT-like data for rigid registration of cadaveric vertebral bodies with X-ray
images. A mapping function from MR to simulated CT was obtained using training data. Results
showed an improvement when compared to direct use of MRI data. Markelj et al. [111, 112] used
as little as 2 2D X-rays in order to perform rigid MRI/X-ray registration on the same data as in
[110]. They did so by matching 3D gradients of 3D images to 3D gradients coarsely reconstructed
from 2D X-ray images. The advantage of this method is that it did not require segmentation.
The difference in posture between the standing position in which the X-rays are acquired and
the prone position in which the MRIs are acquired, which has been demonstrated in [38], causes a
non-linear deformation in the shape of the spine between the two image modalities being registered.
Thus, purely rigid registration techniques are not applicable as they are unable to compensate for
this change in posture. Furthermore, with the knowledge that the vertebrae themselves are rigid
structures, non-rigid registration algorithms might deform them in a manner that does not reflect
their physical properties, and are thus unsuitable for the current application. For example, we have
previously shown how a thin-plate splines registration of a vertebra erroneously changes its shape
[113]. In order to take into account the rigid nature of vertebrae and the non-rigid deformations that
occur in the spine, Little et al. [41] registered 2D MRI images of the head and neck of the same
patient in two different postures by registering soft tissue using modified thin-plate splines. The
modified thin-plate spline formulation allowed segmented vertebral structures to be constrained to
rigid deformations by setting the non-rigid component to 0. Similar work was done by Rohr [42],
requiring only a few corresponding points instead of full segmentation of the rigid structures. These
methods did not however register MRI and X-ray data, nor did they model the deformations that are
due to differences in posture. Our team has recently developed an articulated model representation
for the spine using X-ray data but did not use it for registration purposes [73]. This model was
used by Kadoury et al. [76] in order to register a preoperative reconstructed X-ray personalized
model to the intraoperative CT data of a scoliotic surgical patient. The work in [76] optimized an
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energy function using Markov random fields which required significant computation time. Such a
model, consisting exclusively of vertebral information, did not provide soft tissue information. In
addition, acquiring CT scans for the entire trunk of a patient is not feasible due to radiation issues.
MR images on the other hand are non-invasive and contain soft tissue information required to build
a more complete patient model which can be useful for surgical planning.
4.3.2 Overview of the method
This paper proposes the use of articulated models for a three dimensional registration of the
spine using X-ray reconstructions in standing position and MRI 3D reconstructions in supine po-
sition to compensate for the effect of postural differences on the curvature of the spine. Taking
into account the vertebrae’s physical characteristics, they are modeled as rigid bodies, and inter-
vertebral rigid transformations are calculated using local vertebral coordinate systems. The overall
transformation between the vertebrae extracted from the two image modalities is calculated by fin-
ding the transformation between world coordinates and the vertebrae’s local coordinate systems.
The method is fast since a closed form solution is obtained, thus requiring no optimization in the
registration process, as will be seen in the results section. The methodology and preliminary results
have been presented in [113] with only five patients. In the present work, the proposed method
is compared to rigid registration using 14 patients with scoliosis and the target registration error
between landmarks is calculated. The additional patient data also allows us to perform a more ela-
borate validation. The variability of manual MRI landmark localization is assessed by comparing
two manual landmark localizations for each of seven patients. Also, in order to provide more cli-
nically significant results, Cobb angles are calculated for each patient before and after registration
using our proposed method and compared to rigid registration. Finally, the shape of the spine is
analyzed in standing and supine postures using average Cobb angles over the entire dataset. In
addition, average spine models for the MRI and X-ray data are compared using statistical mo-
del analysis in order to show general curvature differences. Such an analysis sheds light onto the
postural corrections required for registration, and can be useful during surgical planning.
This article is organized as follows : Section 4.4 describes the proposed articulated model regis-
tration framework, the experimental setup, and the methods used to validate our work. The results
of the proposed method are shown in section 5.5, followed by a conclusion in section 5.6.
4.4 Materials and methods
In this section, the methodology used for the registration is outlined. First, MRI and X-ray
data are acquired and the vertebrae are reconstructed in 3D (section 4.4.1). Then, an articulated
model is obtained by calculating local inter-vertebral transformations. This model is used for the
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registration of the X-ray and MRI spine model (section 4.4.2). Finally, the validation methods are
presented (section 4.4.3). First, the target registration error and Cobb angle measurements are used
in order to evaluate the proposed registration framework. Then, an analysis of the shape of the spine
in standing and supine postures is performed using Cobb angle measurements and average spine
models.
4.4.1 Data acquisition
MRI and X-ray data available at Ste-Justine hospital in Montreal from 14 patients with scoliosis
and awaiting surgery were used for this study (average postero-anterior Cobb angle in standing po-
sition is 45.99 for the thoracic area and 44.51 for the lumbar area). In order to generate a 3D model
of the spine from MRI data, T1-weighted MRI images are acquired using a Siemens Symphony
system (1.5 Tesla, TR/TE = 771/15, 704x704, 350 FOV). Sagittal slices of 0.5mm by 0.5mm in-
plane resolution and 3mm thickness are acquired with a 3.6mm separation between slices. The 3D
shape of the seventeen thoracic and lumbar vertebrae is manually segmented from these images (fi-
gure 4.1(a)) and eight landmark points are manually labelled on each vertebra using TomoVision’s
SliceOmatic software. These eight landmarks per vertebra will be used to generate the articulated
model. For all MRI data, landmarks are placed on the left, right, posterior and anterior corners of
the inferior and superior end plates of the vertebral body for all thoracic and lumbar vertebrae (fi-
gure 4.1(a)). Landmarks were chosen to be on the vertebral bodies as the pedicles are more difficult
to distinguish on the MRI due to the resolution.
In order to generate a 3D model of the spine for a patient from X-ray data, six landmarks ma-
nually identified on each vertebra by experts on both biplanar radiographs (Postero-anterior and
lateral) are used to generate 3D landmark points representing the vertebral column. The directions
of the radiographs were chosen to optimize the reconstruction process [15]. The landmarks are
placed on the centers of the superior and inferior plates of the vertebral bodies, and below and
above the left and right pedicles. These landmarks are consistently chosen for X-rays at Ste-Justine
Hospital due to good landmark visibility [114]. The 3D position of the points is obtained using a
stereoradiography 3D reconstruction method [15]. The obtained landmarks are used to map a gene-
ric vertebral dictionary onto the patient spaceusing free-form deformations. The dictionary consists
of a geometric representation of vertebral surfaces obtained from a cadaveric specimen [115]. For
all X-ray data, the same six landmarks that are used in order to generate the 3D vertebral model are
also used in order to generate the articulated model. The method thus allows the flexibility of using
different landmarks on each modality and can be adapted for use without manual intervention,
provided automatic vertebral segmentation methods are applied.
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(a) MRI image and extracted vertebrae (b) Landmarks on vertebrae
Figure 4.1 3D reconstruction of vertebrae from MRI sagittal slices along with manually labeled
landmarks on each of the vertebrae.
4.4.2 Articulated model registration
The vertebrae reconstructed from the MRI data are aligned with those of the X-ray data using
the articulated model proposed by Boisvert et al. [73], which models the spine as a series of local
inter-vertebral rigid transformations (figure 4.2). First, for each patient, the intervertebral transfor-
mations are computed for each of the vertebrae for the MRI and X-ray data separately. In order to
calculate the inter-vertebral transformation Ti;i+1 from vertebra Vi to the consecutive vertebra Vi+1,
a local coordinate system is defined for each vertebra using the landmarks obtained in the previous
section and in the following manner : The 3D coordinates of landmarks on each vertebra are used
to find the center of the local vertebral coordinate system. The z-axis is defined as passing through
the center from inferior to the superior end of the vertebra, the y-axis from left to right, and the
x-axis from posterior to anterior. The Gram Schmidt algorithm is then used to construct an ortho-
gonal basis from these axis forming the local coordinate systems. The intervertebral transformation
matrices are then calculated as rigid transformations between the local coordinate systems of two
consecutive vertebrae. The position and orientation of the first vertebra is defined using the trans-
formation between the absolute world coordinate system and the first vertebra’s local coordinate
system (T0;1).
Second, the overall transformation T0;i between the world coordinates and the ith vertebra for
the MRI (T0;iMRI ) and the X-ray (T0;iX ray)can be defined as the composition of the local inter-
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vertebral transformations with the global transformation of the first vertebra in the following man-
ner :
T0;iMRI = Ti 1;iMRI Ti 2;i 1MRI Ti 3;i 2MRI  :::::T1;2MRI T0;1MRI ; (4.1)
T0;iX ray = Ti 1;iX ray Ti 2;i 1X ray Ti 3;i 2X ray  :::::T1;2X ray T0;1X ray:
In practice, for the sake of simplicity, we calculated one overall transformation per vertebra
by obtaining the rigid transformation between the absolute world coordinate system and the local
coordinate system of each of the vertebrae directly. This also avoids the accumulation of errors
caused by the multiplication of numerous local transformations. Finally, in order to register any
vertebra i on the MRI image Vi MRI to its corresponding vertebra on the X-ray data Vi X ray, the
inverse of the transformation from the absolute world coordinates T0;iMRI is first applied, followed
by the transformation from absolute world coordinates to Vi X ray :
Ti MRI X ray = T0;iX ray T 10;iMRI : (4.2)
Figure 4.2 Local and global transformations forming the articulated model required to align MRI
onto X-ray vertebrae. The local transformations are defined from vertebra Vi to the consecutive
vertebra Vi+1. The global transformation from world coordinates to the first vertebra is defined as
T0;i
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4.4.3 Validation
Registration error
In order to provide a quantitative validation of the registration method, corresponding points are
obtained from the MRI and X-ray vertebrae. Since the 6 landmarks per vertebra extracted from the
X-ray data for registration purposes are different from the 8 landmarks per vertebra extracted from
the MRI data, points corresponding to the 8 landmarks per vertebra extracted from the MRI data
are inferred from the X-ray reconstructions. Rigid registration is performed by minimizing the least
squares distance, using the method in [116] as implemented in the Visualization toolkit by Kitware
(http ://www.vtk.org/). Half of the 8 landmarks per vertebra that are extracted from the MRI and
X-ray data for validation purposes are used for the rigid registration, resulting in 68 landmarks per
patient over the entire spine. The remaining half of the corresponding points is used to calculate the
target registration error (TRE) for both our proposed articulated model method and rigid registration
for the lumbar and thoracic portions of the spine. The TRE is defined as the Euclidean distance in
mm between the X-ray and registered MRI corresponding points. This is done in order to verify
whether this error is decreased when using the proposed method thus signifying better alignment.
Errors are reported for the thoracic and the lumbar parts of the spine separately in order to assess
in which part our proposed method brings the greatest improvement.
Also, in order to provide more clinically meaningful results, the degree of the curvature of the
spine is measured on the reconstructed data using Cobb angles [117] for the thoracic and lumbar
areas separately. This angle is measured between 2 inflection points of the vertebral column. The
intersecting lines forming the angle are parallel to the superior plate of the superior vertebra and
the inferior plate of the inferior vertebra. Cobb angles in the Postero-anterior and lateral views are
calculated for both the thoracic and lumbar areas of the spine. Cobb angle discrepancies that are
larger than 5 are considered as significant in clinical practice as the Cobb measurement error from
radiographs has been calculated to be slightly below 5 [11].
Finally, in order to verify the intra-rater reproducibility of localization of the MRI landmarks,
we relabeled 7 randomly chosen patients. The number of patients is chosen in order to satisfy statis-
tical significance requirements (7 patients is equivalent to 119 vertebral bodies and 952 landmarks
tested). Thus, the same 8 landmarks used for obtaining the articulated model were manually ob-
tained a second time for each vertebra of each of the 7 patients, giving us two sets of landmarks
for each patient. The reproducibility is tested in two ways : First, the Euclidean distance between
the two sets of landmarks is calculated. Second, in order to test the effect of landmark localiza-
tion variability on the calculation of the vertebral transformations, we calculate, for each of the 17
vertebrae, the Euclidean distance between the centroids obtained using each of the two sets of land-
marks. The norm of the difference between the MRI global transformations obtained using each of
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the two sets of landmarks is also calculated for each vertebra. Mean and standard deviation values
are presented.
Average spine shape model
In order to assess the shape of the spine in supine and standing postures, average Cobb angles
are calculated separately for the thoracic and lumbar portions of the spine. Angles obtained from the
supine posture are compared to those obtained from the standing posture in order to assess whether
significant differences in curvature occur between the two postures. To this end, paired T-tests are
calculated between the Cobb angles of standing and supine postures, with statistical significance
differences in posture set at p < 0:05. Larger angle discrepancies between both modalities are
indicative of bigger curvature changes of the spine between the two postures (when the patient is
lying down (MRI) as opposed to standing up (X-ray)).
Furthermore, the variability of the spine shape is obtained using statistics on the position and
the orientation of the vertebrae. We would like to define spine shapes using a common model. This
would allow us to better compare patients or groups of patients. Boisvert et al. [73] presented a
method to create statistical shape models built from articulated spine shapes in order to analyze
deformations of the spine resulting from orthopaedic treatments. These statistical models are used
in our case in order to analyze the shape of the spine obtained from X-ray and MRI data using
rigid and articulated model registration. This non-quantitative assessment allows us to visualize the
difference in the shape of the spine in supine and standing postures for every vertebra, and to see
the effects of registration on compensating for postural differences. The spine shape model along
with the average Cobb angles provide more insights on postural compensation for both registration
and surgical planning.
The variability ofthe spine shapes is evaluated by calculating an average spine shape for each
of the two postures : Standing and supine. First, for each patient, an absolute representation of
each vertebra is obtained as a position and an orientation relative to the world coordinate system.
This is done for each of the postures using the idea of composition of the intervertebral transfor-
mations, represented by transformation matrices, as described in section 4.4.2. The representation
of transformations is then obtained as a rotation matrix R and a translation vector t (T = fR; tg).
Since conventional statistics don’t apply on vectors, and rigid transformation belong to a Rieman-
nian manifold, the average representation of each of the vertebral levels of the X-ray (standing)
and MRI (supine) data are obtained using a generalization of the mean called the Fréchet mean m .
For a given distance, the Fréchet mean is defined as the element of a Riemannian manifold M that
minimizes the sum of the distances d with a set of elements x0:::xN of the same manifold [?] :
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m = argminxeM
N
å
i=0
d(x;xi)
2 (4.3)
The mean spine shape deformations between the two postures are observed by looking at the
differences between the X-ray (standing) and MRI (supine) average models.
4.5 Results
This section will first show quantitative results in terms of target registration error (TRE) and
Cobb angle discrepancies of the registered spine between MRI and X-ray using rigid and articu-
lated model registration. Intra-rater variability of the MRI landmark localization is also presented.
Following that, the resulting average spine model will be shown.
4.5.1 Registration results
Table 4.1 shows the quantitative target registration error in mm for this study. A significant
decrease in the registration error can be seen for each of the 14 patients used in this study when
our proposed method is used compared to rigid registration. The results are then assessed for the
thoracic and lumbar areas separately. When compared with rigid registration, the target registration
error upon use of the proposed method is decreased from 10:754:20mm to 4:171:03mm overall,
from 9:32 3:58mm to 3:91 0:94mm in the thoracic area, and from 13:98 6:39mm to 4:80
1:60mm in the lumbar area of the spine. Registration errors are generally higher in the lumbar area
for all patients. Our method also has the advantage of being fast : The vertebral transformations are
calculated in 1:5850:081 seconds per patient using Matlab on an Intel Core i5 machine (average
of 5 runs per patient for 7 patients).
Figure 4.3 reports on thoracic and lumbar Cobb angles calculated in lateral view on X-ray and
registered MRI data. For both areas of the spine, the Cobb angles calculated on MRIs registered
using our proposed articulated model method are nearly identical to X-ray angles. This is not the
case when X-ray and rigidly registered MRIs are compared, where Cobb angles differ considerably.
The mean Cobb angle discrepancy between the X-rays and the rigidly registered MRIs is 11:98
8:65 in the thoracic area and 20:3113:61 in the lumbar area, whereas the differences between
the xrays and the MRI registered with the articulated model are 0:06 0:23 in the thoracic area
and 0:040:14 in the lumbar area. These discrepancies for the proposed method are considerably
below 5, an error value deemed acceptable in clinical settings as mentioned in section 4.4.3.
Similar results have been found in postero-anterior view (Figure 4.4) : The mean Cobb angle
discrepancy between the X-rays and the rigidly registered MRIs is 14:03 18:4 in the thoracic
area and 11:388:79 in the lumbar area, whereas the differences between the xrays and the MRI
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Tableau 4.1 Target registration errors in mm for rigid registration and for the proposed articulated
model registration (articulated).
Case Overall Overall thoracic thoracic lumbar lumbar
rigid articulated rigid articulated rigid articulated
01 9.04 4.60 8.03 3.95 11.46 6.17
02 8.12 3.17 6.54 3.00 11.91 3.58
03 13.63 4.63 12.79 4.81 15.63 4.20
04 4.45 2.52 3.78 2.30 6.09 3.07
05 6.42 4.22 5.40 4.07 8.84 4.57
06 8.30 5.52 6.34 4.47 13.00 8.05
07 9.86 5.88 8.83 5.05 12.30 7.88
08 11.32 3.90 10.37 3.66 13.6 4.49
09 15.49 5.19 13.7 4.80 19.78 6.12
10 8.48 3.75 7.99 3.49 9.64 4.39
11 10.09 4.42 7.98 4.71 5.14 3.72
12 10.89 4.25 9.94 4.38 13.18 3.95
13 21.73 2.24 17.49 1.97 31.88 2.86
14 10.98 4.53 10.00 4.09 13.33 5.58
mean 10.75 4.17 9.31 3.90 13.41 4.80
registered with the articulated model are 0:02 0:08 in the thoracic area and 0:07 0:19 in the
lumbar area.
Table 4.2 presents the landmark localization variability obtained for 7 of the 14 patients. The
average difference in localization between the two sets of manual labels is of 3:17 3:3mm. This
difference is lower than the registration error using the articulated model ; though the standard
deviation is considerably higher. The variability is decreased when the vertebral centroids are cal-
culated from the two sets of landmarks. The average distance between each of the centroids of the
two sets of landmarks is 1:57 1:13mm. This value is important as the centroids are used instead
of the individual landmarks for the articulated model registration. The average norm of the diffe-
rence in vertebral transformations is 2:12 0:98. A norm of 1 signifies that the identity matrix is
obtained.
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(a) thoracic area (b) lumbar area
Figure 4.3 Cobb angles calculated in lateral view on thoracic and lumbar areas of the spine for
the X-ray, rigidly registered MRI (MRI rigid), and MRI registered using the proposed articulated
model method (MRI articulated). The average values for the thoracic area are 34.67 , 22.68 and
34.74  for the X-ray, MRI rigid, and MRI articulated registrations, respectively. The average values
for the lumbar area are 37.60 , 19.73and 37.56  for the X-ray, MRI rigid, and MRI articulated
registrations, respectively.
Tableau 4.2 Landmark localization variability (Euclidian distance in mm) for each of seven pa-
tients tested. The variability of the vertebral centroids obtained from each set of landmarks is also
shown (Average variability for the 17 vertebrae per patient). The norm of the difference in resulting
vertebral transformations is also presented. (Average norm for the 17 vertebrae per patient).
Case landmark Euclidian centroid Euclidian norm of
distance distance transformation difference
01 3.95 2.01 2.45
02 3.14 1.42 1.95
04 2.07 0.94 1.59
06 4.38 1.44 2.00
08 3.76 2.63 3.07
10 2.18 1.44 1.99
13 2.7 1.14 1.77
mean 3.17 1.57 2.12
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(a) thoracic area (b) lumbar area
Figure 4.4 Cobb angles calculated in postero-anterior view on thoracic and lumbar areas of the
spine for the X-ray, rigidly registered MRI (MRI rigid), and MRI registered using the proposed
articulated model method (MRI articulated). The average values for the thoracic area are 45.99 ,
35.43 and 45.14  for the X-ray, MRI rigid, and MRI articulated registrations, respectively. The
average values for the lumbar area are 44.51 , 33.85and 44.53  for the X-ray, MRI rigid, and
MRI articulated registrations, respectively.
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4.5.2 Average spine shape model
The Cobb angles presented for both the postero-anterior and the lateral view in both the thoracic
and lumbar areas are generally smaller in prone position as opposed to standing position ; which
agrees with the hypothesis that the spine’s curvature is less prominent when the patient is lying
down. In the lateral view, for the thoracic area, the average Cobb angle is 22:68 in prone position
and 34:67 in standing position. For the lumbar area in the same view, the average Cobb angle is
19:73 in prone position and 37:60 in standing position. Paired T-tests show statistical significance
between the Cobb angles of both postures in postero-anterior view (p < 0:01 for the thoracic and
p< 0:01 for the lumbar areas).
Similar results are obtained in the postero-anterior view : the average Cobb angle is 35:43
in prone position and 45:16 in standing position. For the lumbar area in the same view, the ave-
rage Cobb angle is 33:84 in prone position and 44:53 in standing position. Paired T-tests for
the postero-anterior view show a statistically significant difference between the Cobb angles of the
lumbar area (p< 0:01) but no significant difference in the thoracic area(p= 0:05).
Figure A.3 shows the average (mean) axis for each of the thoracic and lumbar levels for the
X-ray and MRI vertebrae using rigid and articulated model registration. Note that since only one
global rigid transformation is applied for the whole spine in the case of rigid registration, the shapes
of the pre-registered and rigidly registered MRI spines are inherently identical. Thus, only the
rigidly-registered average MRI spine was displayed. The average rigidly-registered MRI and X-ray
axis appear to be different. However, the X-ray and articulated model registered MRI axes show
a lot of similarity. This visual assessment also shows that the spine seems to be less curved in
prone position (position in which the MRI was acquired), with both lumbar and thoracic curvatures
being smaller when compared to the average model computed in standing position. The results in
this section confirm previous claims that the curvature of the spine is generally smaller when the
patient is lying down. They also confirm that the shape of the spine is significantly different in
both postures, and that the articulated model presented here can be used to compensate for these
differences, whether during MRI/X-ray registration or surgical planning.
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Figure 4.5 Mean vertebral axis for the rigidly registered MRI (left), the MRI registered using the
articulated model (middle), and the X-ray data (right) for the 14 patients. Lumbar and thoracic
vertebrae are considered in this study.
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4.6 Discussion and conclusions
This paper described a closed form solution for the registration of two 3D reconstructions of
the spine of patients with scoliosis - one obtained from X-ray images and the other one obtained
from MR images - in order to compensate for spine shape differences between standing and prone
postures. The proposed method uses an articulated model consisting of a series of rigid transfor-
mations, taking into account inter-vertebral transformations and thus providing a more accurate
representation of the movement of the vertebral column when compared to rigid registration. The
method also takes into account bone rigidity providing a more realistic deformation model when
compared to non-rigid registration techniques.
Results show a decrease in the overall target registration error and a better Cobb angle corres-
pondence when using the proposed method compared to simple rigid registration, and no significant
difference in error between the thoracic and the lumbar area. Also, The Cobb angle errors obtai-
ned using our method were below the clinically accepted 5 degrees. These angles were generally
smaller when the patient is lying down, proving the hypothesis that the spine loses it’s curvature
in that position. Visual inspection of the mean shape of the spine in the 2 postures also shows that
the spine has a higher curvature in standing position, and that the curvature difference is rectified
following registration using the proposed method.
Since the landmark extraction is done in most part manually and the extraction process is dif-
ferent in the two modalities, landmark localization errors are to be expected. In the case of the X-
ray reconstruction, the localization error has been previously calculated to be around 2:11:5mm
[38]. We have calculated the landmark localization intra-rater variability in the case of the MRIs
to 3:17 3:3mm. It should be noted though that the localization error is mitigated by an avera-
ging done when calculating centroids. This was demonstrated as the average variability decreased
to 1:57 1:13mm when centroids were used instead of landmarks. The automation of landmark
extraction would greatly improve the multimodal registration in addition to increasing consistency
and reproducibility. We plan to use readily available automated methods in the future for the seg-
mentation of the vertebrae and the extraction of landmarks. Those methods have been developed
by Chevrefils et al. and Kadoury et al [118, 119] for the MRI and X-ray vertebrae, respectively.
We also plan to eliminate the need for landmark localization in our registration framework, as our
method allows for the use of higher order primitives (such as the use vertebral bodies themselves)
in order to calculate the center and direction of each vertebra.
The registration of the spine serves as a preliminary step towards the construction of a geometric
model of the torso of patients with scoliosis combining musculo-skeletal information along with
the surface topography of the torso. In order to account for the postural change, vertebral structures
will be used to register each MRI slice using the articulated model developed in this work. The
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soft tissue will be confined to the volume delimited by the trunk and bone surfaces using non-rigid
registration techniques, with the articulated model as an initial registration step. A patient-specific
model can be obtained by registering MRI of the generic model to the X-ray and TP data of the
specific patient using the same techniques as for the generic model. The resulting 3D model can
then be incorporated into the simulator that is currently under development. The physical properties
of the soft tissues can then be obtained and used in order to propagate the surgical correction
from the spine onto the external surface of the patient’s trunk. This would allow further studies
in treatment techniques which would best benefit patients and improve their quality of life. Little
work has been done in this field so far, and no other method registers MRI to X-ray data that can be
acquired in a clinical setting. The present framework will allow us to compensate for the changes
in spinal shape when building the full body model in standing position.
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